Introduction Background
Surgical resection has long been the preferred treatment of meningiomas when treatment is pursued. This is usually the case for those tumors that are symptomatic, growing, or causing mass effect.
1 These tumors are often erroneously considered easier to remove than other intracranial tumors because most have the perception of meningiomas in convexity locations. 2 However, these surgeries, even those along the convexity, can still lead to complications and deficits.
Previous studies that have evaluated postoperative complications and deficits following meningioma surgery have only focused on a single location or a type of surgical complication. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] It therefore remains unclear how meningiomas in different locations differ in terms of postoperative complications and the factors that predispose to these complications. This is especially important as the incidence of meningiomas is rising as a result of widespread availability of neuroimaging.
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Objectives
The goals of this study were to: (1) determine how postoperative deficits vary with tumor location, and (2) determine the factors that are independently associated with higher rates of different postoperative deficits. An understanding of these objectives could allow for better guidance in providing informed consent to patients and their families, as well as developing techniques aimed at decreasing deficits during the surgical resection of meningiomas.
Methods Participants
Institutional Review Board approval (72892) was obtained prior to the start of this study and all included patients gave their consent. All adult patients who underwent surgical resection of an intracranial meningioma at a single, tertiary care institution between 2007 and 2015 were recorded and reviewed.
Recorded Variables
Of the 852 patients who underwent surgery during the reviewed period, 90 were excluded. The exclusion criteria included those with multiple meningiomas, neurofibromatosis type 2, radiation-induced meningiomas, or patients with tumors in locations not analyzed in this study. The locations analyzed were convexity, anterior skull base, parasagittal/ parafalcine, sphenoid wing, tentorial, cerebellopontine angle (CPA), and foramen magnum. Patients with meningiomas who did not undergo surgical resection or underwent needle biopsy were also excluded. This was done to create as uniform a population as possible to evaluate postoperative deficits for the most common meningioma locations. All MRI images were obtained and reviewed. The characteristics that were recorded included the lesions' volume and longest dimension. Tumor appearance included location, sinus invasion, midline shift, and the presence of edema or cysts. Tumor locations were both analyzed separately and grouped with others based on similar characteristics.
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Extent of resection was recorded as Simpson grade 1 through 4 by postoperative neuroimaging obtained within 48 hours of surgery and operative reports. 25 The primary outcome evaluated for each patient was the presence of new or worsened postoperative deficits that were persistent (present at last follow-up). The following postoperative outcomes were assessed: new motor deficits, new vision deficits, seizures, and new cognitive deficits.
Statistical Methods
Stepwise multivariate logistic regression analyses were performed to identify factors independently associated with different postoperative deficits. In these analyses, univariate analysis was first performed to identify potential associations between radiographic, preoperative, operative, perioperative, and pathologic variables with postoperative deficits. All variables associated with postoperative deficits in univariate analysis (p < 0.10) were then analyzed in a stepwise multivariate logistic regression model. other meningiomas (p ¼ 0.02 and p ¼ 0.01, respectively). We found no other pre-, peri-, or postoperative differences between the different tumor locations analyzed in the study.
Factors Associated with Any Postoperative Deficits
The factors associated with any postoperative deficits after surgical resections are summarized in ►Table 2. In univariate analysis, the factors associated with any postoperative deficit were sphenoid wing tumors, CPA tumors, Simpson grade 1 and 4 resections, age, prior anticoagulation, coronary artery disease, previous coronary artery bypass graft (CABG)/stents, KPS < 70, preoperative motor and cognitive deficits, previously recurring meningioma, postoperative pulmonary embolism, intraoperative ventricle entry, tumor volume, preoperative radiation, and postoperative prophylactic radiation. 
Factors Associated with Postoperative Cognitive Deficits
The factors associated with higher risk for postoperative cognitive deficits are summarized in ►Table 7. In univariate analysis, the factors associated with postoperative cognitive deficits were male, age, coronary artery disease, previous CABG/stents, hypertension, prior anticoagulation, KPS score < 70, and preoperative cognitive deficits. 
Discussion Key Results
In this study, we observed 134 postoperative deficits in 761 patients. Independent risk factors for postoperative deficits were preoperative radiation, tumors outside of the convexity, CPA tumors, subtotal resections, coronary artery disease, and preoperative motor or cognitive deficits. Independent risk factors for postoperative motor deficits were pulmonary embolisms, nonconvexity tumors, subtotal resections, and intraoperative ventricle entry. Independent risk factors for postoperative vision deficits were tumors outside of the convexity, parasagittal, or parafalcine areas. Independent risk factors for seizures within 48 hours of surgery were extent of midline shift, previously recurring meningioma, preoperative motor deficits, preoperative seizures, and pulmonary embolisms. Independent risk factors for postoperative cognitive deficits were age, previous CABG/stents, and KPS scores below 70.
Prior Studies on Postoperative Deficits after Meningioma Resection
Surgical resection of meningiomas are widely performed and are often associated with good outcomes. 27 As a result, many surgeons and patients erroneously perceive that these tumors are straightforward and without complications. 27 However, the surgical difficulty and risk profiles for meningiomas in different locations is distinct. A comparison between meningiomas in different locations as it relates to postoperative complications has yet to be done in a large modern patient population. Li et al analyzed 199 patients with petroclival meningiomas for risk factors associated with poor postoperative KPS score, hemiparesis, and cranial nerve deficits, and found that these included surgery history, age, tumor size, tumor consistency, vital artery encasement, peritumoral edema, and absence of tumor-brainstem interface. 10 The largest study on postoperative outcomes was performed by Wirsching et al looking specifically at postoperative epilepsy.
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They found that independent risk factors of seizures include preoperative epilepsy, surgical complications, hydrocephalus, recurrent surgery, symptomatic intracranial hemorrhage, age, and tumor progression. 20 Therefore, the factors associated with postoperative deficits as it relates to tumor location for patients undergoing intracranial meningioma surgery would help inform surgeons and their patients about the potential risks of deficits, as well as potentially develop ways to minimize these risks.
Factors Independently Associated with Postoperative Deficits
Any Postoperative Deficits
This study observed 134 postoperative deficits (18%) after meningioma resections in 761 patients. CPA tumors had the largest incidence of postoperative deficits (27.8%). The factors independently associated with any postoperative deficits were preoperative radiation, CPA tumors, Simpson grade 4 resections, preoperative motor and cognitive deficits, and perioperative pulmonary embolisms. Preoperative radiation is more often performed on meningiomas that appear most aggressive, so it is likely that this factor led to more difficult surgeries with more postoperative deficits. 28 Subtotal resections may lead to excessive swelling of residual tumor, leading to the postoperative deficits we observed in these cases. Also, these meningiomas were likely located in complex areas, making them more difficult to resect while also carrying greater chances of causing neurological dysfunctions. While a subtotal resection is often chosen due to the high risk of a gross total resection during a case, it is important to note that there may be also be some innate postoperative risk of leaving tumor behind. Tumors near the CPA often involve complex surgical fields, leading to more subtotal resections. It has been demonstrated that a lower preoperative functional status can increase risk for worse functional outcomes after meningioma resection.
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This supports our finding that preoperative motor and cognitive deficits can lead to more postoperative deficits. Lastly, pulmonary embolisms have been found to lead to potentially devastating surgical complications, even involving death in the worst cases.
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Postoperative Motor Deficits
In this study, 39 patients (5.1%) had postoperative motor deficits after surgery. Tumors removed from the tentorium and the foramen magnum had the highest rates of motor deficits (11.6% and 15.4%, respectively). The factors independently associated with postoperative motor deficits were incomplete resection (Simpson grade 4) and perioperative pulmonary embolisms. Oyama et al analyzed postoperative motor deficits in 16 cases with parasagittal/ parafalcine tumors and found these deficits to be caused by either an intracerebral hematoma or newly developed brain edema. 14 Batra et al performed a similar study with CPA tumors and found tumor size and preoperative facial nerve paresis to have the highest associations with postoperative motor deficits. 4 We did not find tumor size or edema to be associated with these deficits. In addition, the association between incomplete resections and motor deficits may be a result of intraoperative decision making caused by decreased intraoperative signals and/or difficulty in resecting tumor. Tumors that are incompletely resected may also predispose the brain to significant edema leading to neurological deficits. Lastly, perioperative pulmonary embolisms are known to cause a large range of deficits, one of which being motor function.
Postoperative Vision Deficits
In total, 22 patients (2.9%) had postoperative vision deficits. Twelve patients (1.5%) had diplopia, and 12 patients (1.5%) had worsened visual fields (two patients had both vision deficits). Postoperative diplopia was significantly associated with CPA location, and decreased visual fields were significantly associated with anterior skull base location. Cosetti et al also found postoperative diplopia to be significantly associated with tumors in the CPA. 31 They found this result to be due to acute vestibular deafferentation leading to skew deviation; however, this mechanism was not investigated in this study. 31 Schick and Hassler also found visual field deficits to be associated with tumors in the anterior skull.
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One study analyzed 65 patients with medial sphenoid wing meningiomas and found that factors leading to postoperative vision deficits were preoperative visual decline, subtotal resection, and repeat surgery. 7 Any compression to the optic chiasm or optic nerves is able to cause field deficits, so this association with tumors in the proximity was not surprising.
Postoperative Seizures
Our study observed that 27 patients (3.5%) had seizures after surgical resections. The factors independently associated with postoperative seizures were extent of midline shift, revision resections, preoperative motor deficits, preoperative seizures, and perioperative pulmonary embolisms. Wirsching et al analyzed 779 patients and found that 104 (19.4%) suffered from postoperative epileptic seizures. 20 Of these patients, they found risk factors to include preoperative seizures, major surgical complications, hydrocephalus, revision surgery, intracranial hemorrhage, younger age, and tumor progression. 20 Zheng et al analyzed 97 patients and found that the only risk factor to postoperative seizures was the co-occurrence of new permanent neurological deficits.
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Our findings that increased midline shift leads to higher risk for seizures is in line with one study that found mass effect from meningiomas led to generalized seizures. 33 Our study was also similar to that of Wirsching et al in finding that reresections and preoperative seizures were independently associated with postoperative seizures. 20 Patients with preoperative seizures are at risk of postoperative seizures as has been seen with other tumors including metastatic brain tumors and malignant gliomas. 34, 35 In addition, the motor cortex is known to be susceptible to initiation of seizures; therefore, patients with preoperative motor deficits may be especially at risk as the tumor has likely already affected these regions. 36 In addition, perioperative pulmonary embolisms were independently found to be associated with postoperative seizures. The presence of these thrombotic events can affect intracranial pressure, cerebral blood flow, and cerebral autoregulation, thus predisposing to seizures.
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Furthermore, pulmonary embolisms may actually be a consequence of postoperative deficits, due to increased hospital stays and decreased mobilization.
Postoperative Cognitive Deficits
We found 26 patients (3.4%) to have new cognitive deficits after meningioma resections. Comparing intracranial locations, removal of tumors from anterior skull base led to the highest proportion of cognitive deficits after surgery (7.2%).
The factors independently associated with postoperative cognitive decline were age and previous CABG/stents. Dijkstra et al analyzed 89 patients who underwent treatment for meningiomas and found that lower executive functioning was associated with a greater preoperative epilepsy burden. 37 However, there were no presurgical assessments of cognitive function in this study. 37 Krupp et al examined the outcomes for 91 patients after surgical resection of their meningiomas and found increasing age to be the most significant risk factor for postoperative neuropsychological problems, which was supported as an independent risk factor in our study. 9 Although the pathophysiological mechanism for this link is unknown, studies have shown that patients undergoing CABG surgery are inclined to have postoperative deficits after their cardiac surgery. 28, 38 While a direct link cannot be made in our study, our results may give evidence that this post-CABG cognitive decline was exacerbated by meningioma resection.
Strengths and Limitations
We believe this study provides valuable information for patients and their neurosurgical care teams. This is the first study to analyze the risk factors for all postoperative deficits in the common meningioma tumor locations. We were able to use our relatively large patient sample size to determine what predisposing factors should be considered when aiming to minimize risk of these deficits. Other studies have largely focused on specific deficits or tumor locations, leading to small sample sizes with less generalizable results. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 28 Our study concludes that there are preoperative factors that can predispose patients to higher risks of postoperative deficits, allowing providers to consider these when planning for surgery and postoperative care. While we believe this study provides the most relevant information concerning postoperative deficits from meningioma removal, the study is not without limitations. One limitation is that we limited our study to the most common meningioma locations. Our aim for this study was to be a comprehensive analysis of general groupings, while differentiating between olfactory groove and planum, for example, would likely require much higher multi-institutional studies to give clinically relevant conclusions. We also decided to combine locations that were close in proximity including planum and olfactory groove lesions, sagittal and parafalcine lesions, and medial/middle/lateral sphenoid wing lesions. We did this to increase the generalizability of our study; however, we understand that there are likely different risk factors between these locations that were not focused on in this study. Moreover, we also analyzed cognitive deficits based on neurological exam and patients and their families' perception of their recovery. Not all patients underwent neurocognitive testing, which would provide more objective information about postoperative cognitive function. Another limitation includes findings that we were unable to explain. For example, we did not have an explanation why African Americans were more likely to have meningiomas in anterior skull base compared with other locations. Lastly, our study includes the limitations present in a retrospective review, including inherent bias in patient or treatment selection. Therefore, prospective studies are necessary to confirm that knowledge of the risk factors we discovered can decrease postoperative patient deficits, with it ideally being done across multiple institutions with varying patient populations.
Conclusion
While surgical resection remains the gold standard for the treatment of a significant number of meningiomas, the risk for postoperative deficits is unclear. Based on tumor locations, we found that meningiomas in the convexity are much safer to resect in terms of postoperative deficits. The factors that were independently associated with different types of postoperative deficits were distinct. By accounting for these risk factors, surgeons may be able to better inform patients about the risk of deficits, as well as attempting to adjust their strategies to minimize the risk of postoperative neurological deficits.
